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Spin-echo decays of spin-labelled phospholipids have been recorded to study the chain dynamics in the low-temperature phases
of dipalmitoyl phosphatidylcholine membranes with and without 50mol% cholesterol. The phase-memory relaxation time, T2M,
depends on the position of spin-labelling in the sn-2 chain, and on the presence of cholesterol. A biphasic temperature dependence of
T2M is obtained over the range 150–270K. Echo-detected field-swept absorption EPR spectra were recorded as a function of the echo
delay time, s. The echo-detected EPR lineshapes show a strong dependence on s, revealing anisotropic phase relaxation arising from
torsional chain motions. Cholesterol has a large effect on torsional oscillations about the chain long axis. Small-amplitude chain
motions in the low-temperature phases may be important for cryopreservation of membranes.
 2003 Elsevier Science (USA). All rights reserved.
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Spin-label electron paramagnetic resonance (EPR)
spectroscopy has proved to be a most valuable means
for investigating rotational dynamics in biological sys-
tems (see e.g., [1,2]). A particularly rewarding applica-
tion of the technique is to the study of biological
membranes (see e.g., [3,4]). Routinely, continuous wave
(CW) EPR spectroscopy — both conventional and sat-
uration-transfer, depending on the timescale — is used to
obtain lineshapes of nitroxide spin labels that are
sensitive to rotational motion [5,6].
In principle, time-resolved pulsed EPR techniques
offer a more direct approach to studying spin-label
motions. Electron spin-echo measurements of the phase-
memory time, T2M, are related directly to rotational
correlation times in dynamic systems [7]. Furthermore,
the partially relaxed, echo-detected EPR lineshapes
display a dependence on echo delay time, s, that is
characteristic of small-amplitude angular motions [8,9].
Dzuba and colleagues [10,11] have characterised the* Corresponding author. Fax: +39-0984-494401.
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doi:10.1016/S1090-7807(03)00049-1echo-detected spectra of small spin-label probes in
glassy solvents as being attributable to librational mo-
tions. This provides a framework in which to interpret
similar spectra from spin-labelled lipids in the low-
temperature phases of biological membranes. Some
measurements of the phase-memory time, T2M, have
already been reported for spin-labelled cholestane and
spin-labelled phosphatidylcholine in oriented mem-
branes at low hydration [12].
In this paper, we present a systematic study of spin-
labelled phosphatidylcholines in fully hydrated lipid
membranes. We investigate the effects of label position
in the sn-2 chain, of varying temperature and of cho-
lesterol on the dynamics of lipid chain motion in the
low-temperature regime. Measurements are made both
of T2M from echo decays and of field-swept EPR spectra
that are detected from the echo maxima recorded at
different fixed values of the echo delay time, s.2. Experimental
Dipalmitoyl phosphatidylcholine (DPPC) and cho-
lesterol were from Sigma/Aldrich (St. Louis, MO).reserved.
Fig. 1. Representative echo decay curves, as a function of delay time, s,
for the 14-PCSL spin label in dipalmitoyl phosphatidylcholine bilayers.
Sample temperatures are indicated on the figure. The dashed lines are
fits with a single exponential decay function.
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stearoyl)-sn-glycero-3-phosphocholine, n-PCSL) were
from Avanti Polar lipids (Birmingham, AL) or syn-
thesised according to Marsh and Watts [13].
DPPC with 1mol% of n-PCSL, with and without
50mol% cholesterol, were codissolved in chloroform.
Solvent was evaporated with a nitrogen gas stream and
residual traces removed by drying under vacuum over-
night. The lipid (15mg) was dispersed in phosphate-
buffered saline (PBS) at pH 7.5 at a concentration of ca.
100mg/ml by vortex mixing with heating to 60 C, i.e.,
above the chain-melting phase transition. The sample
was then transferred to a standard 4mm-diameter,
quartz EPR tube, concentrated by pelletting in a bench-
top centrifuge and the excess supernatant removed.
Data were collected on a Elexsys E580 9 GHz
FT-EPR spectrometer (Bruker, Karlsruhe, Germany)
equipped with a Flexline MD5, variable-Q, dielectric
resonator and a nitrogen gas-flow temperature control
unit. Two-pulse, Hahn-echo decays were obtained by
using microwave pulse widths of 12 and 24 ns, with the
microwave power adjusted to give p=2 and p-pulses, or
less, respectively. The interpulse spacing was incre-
mented from s ¼ 88 ns in 4 ns steps. The phase-memory
time, T2M, was determined by fitting the maximum echo
amplitude as a function of 2s with a simple exponential
decay. Echo-detected absorption EPR spectra were ob-
tained by recording the echo maximum, whilst sweeping
the magnetic field. The interpulse spacing s was chosen
to coincide with the progressive minima of the proton
modulation in the echo decay.
Integration of the echo, rather than recording the
maximum, could avoid potential broadening by off-
resonance oscillations of the echo. However, the spectra
are powder lineshapes from randomly oriented mem-
brane dispersions, and therefore intrinsically contain a
large degree of orientational spectral overlap.3. Results
3.1. Echo decay curves and T2M
Fig. 1 gives typical echo decay curves as a function of
interpulse spacing, s, for 14-PCSL in membranes of di-
palmitoyl phosphatidylcholine at different temperatures.
The spectrometer field is fixed at the position corre-
sponding to the maximum amplitude of the central line
in the EPR spectrum for all measurements. High fre-
quency modulation of the echo decay arises from the
interaction of the unpaired electron spin of the nitrox-
ide-labelled lipid with the nuclear spin of nearby bonded
protons. The effect of lipid chain dynamics on the decay
curves is very evident from the pronounced temperature
dependence. An approximately single exponential decay
of the maximum echo amplitude is obtained in eachcase. The decay rate characterised by the phase-memory
time, T2M, increases with increasing temperature. Addi-
tion of 50mol% cholesterol to the membranes causes an
increase in decay rate in most cases (data not shown).
Fig. 2 gives the temperature dependence of the phase-
memory time, T2M, which was determined by fitting a
single exponential to each echo decay (see Fig. 1). The
maximum temperature for which echoes of reasonable
intensity could be recorded depends on sample and spin-
label position. It was never greater than 280K. Data are
given for various n-PCSL spin labels in membranes of
DPPC (Fig. 2a) and DPPC+50 mol% cholesterol (Fig.
2b). In general, a biphasic temperature dependence is
obtained, although for 5-PCSL (and possibly also for 7-
PCSL) the temperature at which T2M reaches its maxi-
mum value lies at or below the lowest temperature of
measurement (viz., 150K). The data for the different
n-PCSL positional isomers tend to fall into groups, at
least for membranes of DPPC+50mol% cholesterol.
T2M for 5-PCSL and 7-PCSL has rather similar values
and temperature dependence; 10-PCSL and 12-PCSL
also group together, and 14-PCSL reaches the highest
T2M values (Fig. 2b). Somewhat similar trends are found
for membranes of DPPC alone, except that 10-PCSL
has anomalously low values of T2M (Fig. 2a). The latter
exception can be explained by partial segregation of the
spin label in the low-temperature phase. This results in
spin–spin interactions that are evident as a strong
broadening of the conventional EPR spectrum (not
Fig. 3. Echo-detected EPR absorption lineshapes of 14-PCSL spin
label in bilayer membranes of dipalmitoyl phosphatidylcholine+ 50
mol% cholesterol at 190K for various values of the echo delay time, s.
Fig. 2. Dependence on temperature, T, of the phase-memory time, T2M,
of the electron spin-echo decays from spin-labeled phosphatidylcho-
line, n-PCSL, in membranes of: (a) dipalmitoyl phosphatidylcholine,
DPPC, alone, and (b) DPPC+50mol% cholesterol. The position, n, of
spin-labelling in the sn-2 chain is indicated in the figure. The natural
logarithm of the data is plotted.
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reduced at all temperatures, and the temperature de-
pendence arising from chain dynamics is attenuated.
Possibly, weaker spin–spin interactions may also affect,
to some extent, the values of T2M for labels at other
positions of spin labelling in membranes of DPPC alone.
Spin–spin broadening is not evident in any of the sam-
ples containing 50mol% cholesterol.
3.2. Echo-detected EPR absorption spectra
Fig. 3 shows echo-detected field-swept absorption
EPR spectra of 14-PCSL in bilayer membranes of di-
palmitoyl phosphatidylcholine + 50mol% of cholesterol
recorded at 190K for different fixed values of the echo
delay time, s. The spectral amplitudes decay with in-
creasing s according to the phase-memory time, T2M (cf.
Fig. 2). However, it is clear from the changing lineshapes
that T2M varies across the spectrum. This anisotropic
phase relaxation, which is characteristic of small-
amplitude rotational motions [8,9], is best seen whenspectra are normalised to the amplitude at a stationary
position corresponding to an angular turning point.
Fig. 4 gives the echo-detected spectra from the dif-
ferent n-PCSL in membranes of DPPC, with and with-
out 50mol% cholesterol, recorded at 190K. For each
sample and label position the spectra are normalised to
the low-field outer peak, i.e., to the parallel turning
point of the MI ¼ þ1 manifold. With this representation
the preferential phase relaxation in the intermediate
spectral regions at low and high field is more precisely
defined. As s increases, the position of minimum inten-
sity in the low- and high-field regions moves because
phase relaxation comes to dominate over other features
that determine the shape of the static powder pattern.
The position of the minimum for the largest s can be
chosen to quantitate the spectral lineheight that is most
sensitive to rotational motion. Here we chose the posi-
tions of the low- and high-field minima in the spectrum
of 5-PCSL in DPPC at 150K, with s ¼ 780 ns. For the
other spin labels, n-PCSL, which have slightly different
outer hyperfine splittings, the diagnostic spectral regions
at low and high field are chosen similarly (see Fig. 4).
These two positions, relative to the central peak, are
then used consistently to analyse all samples with a
given spin label.
3.3. Anisotropic phase relaxation–rotational motion
Fig. 5 gives the diagnostic lineheight ratios L00=L and
H00=H, at low and high field, respectively, as a function
of the echo delay time, s. L00 and H00 are the lineheights
at the intermediate regions, and L and H are those at the
outer turning points in the spectrum. There are obvious
parallels with the lineheight-ratio analysis that is rou-
tinely used in saturation transfer EPR [6]. Data are gi-
ven in Fig. 5 for spin-label positions, n ¼ 5 and n ¼ 14,
and for membrane samples with and without 50mol%
cholesterol. To within the experimental scatter, the
dependence on s corresponds to an exponential decay.
Fig. 5. Dependence of the lineheight ratios L00=L () and H00=H (),
in the low- and high-field regions, respectively, and the central line-
height C/L (M) normalised to that at low field, on echo delay time, s.
Upper panel: 5-PCSL, and lower panel: 14-PCSL, spin labels in mem-
branes of DPPC, with (solid symbols) and without (open symbols)
50mol% cholesterol, at 150K. The lineheights, L00 and H00, are mea-
sured at intermediate positions, corresponding to maximum angular
spectral dispersion, and L and H at the outer maxima, corresponding
to angular turning points (see text). C is the height of the central peak.
All lineheight ratios are plotted as the natural logarithm. Solid lines are
linear regressions.
Fig. 4. Echo-detected EPR absorption lineshapes of n-PCSL spin la-
bels in bilayer membranes of DPPC (left-hand side) and of
DPPC+50mol% cholesterol (right-hand side) at 190K for different
positions, n, of the spin label in the sn-2 chain. For each sample and
temperature, the spectra at different values of s are normalised to the
low-field peak height, L. The values of the echo delay time, s, are:
(a) 108 ns; (b) 244 ns; (c) 380 ns; (d) 516 ns; (e) 652 ns.
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between samples with and without cholesterol is seen
in Fig. 5. Also, the results indicate a dependence on
spin-label position, at least for membranes containing
cholesterol.
The lineheight ratios L00=L and H00=H, because of
their spectral positions, are diagnostic of rotational
motion of the nitroxide z-axis, i.e., rotations around the
x- and/or y-axes. Sensitivity to rotation about the z-axis
is found only in the central region of the spectrum at 9-
GHz EPR frequencies (cf. [14,15]). The most dramatic
effects of cholesterol on the echo-detected EPR spectra
are actually found in the central region of the spectrum
(see Fig. 4). The intensity of the central peak decreases
much more rapidly with increasing s for samples con-
taining 50mol% cholesterol than for those without
cholesterol, at all spin-label positions. Fig. 5 includes
data on the ratio, C/L, of the amplitude of the central
peak, C, in the echo-detected spectra to that of the low-field outer peak, L. Again data are given for 5-PCSL
and 14-PCSL in membranes with and without choles-
terol at 150K. In both cases, the C/L ratio decreases
markedly with increasing s for samples of DPPC+50
mol% cholesterol, whereas it remains comparatively
constant for samples of DPPC alone. As for the H00=H
and L00=L lineheight ratios, the C/L ratios shown in
Fig. 5 depend exponentially on the echo delay time, s.
Fig. 6 gives the gradients, obtained from linear re-
gression, of the dependence of the logarithm of all three
lineheight ratios on s, for membranes with and without
50mol% cholesterol. Data are given as a function of
spin-label position, n, in the sn-2 chain of the n-PCSL
spin-labelled phosphatidylcholines. The results given for
membranes without cholesterol are sparser, because (as
already noted) spin–spin broadening for labels closer to
the middle of the chain results in very rapid echo decays.
From these latter decays it is difficult to obtain an
Fig. 6. Slopes from the dependence of ln(lineheight ratio) on echo
delay time, s (see Fig. 5), for n-PCSL spin labels in membranes of
DPPC, with (solid symbols) and without (open symbols) 50mol%
cholesterol. Data for lineheight ratios L00=L (), H00=H (), and C/L
(M) are given as a function of spin-label position, n, in the sn-2 chain.
Upper panel: T ¼ 150K; lower panel: T ¼ 190K.
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severely limited. Nevertheless, systematic differences can
be seen in the positional n-dependence, between samples
with and without cholesterol.4. Discussion
4.1. Phase memory time, T2M
The temperature dependence of T2M given in Fig. 2
reveals that all measurements are made in the slow
motional regime, in which the phase-memory relaxation
time increases with increasing rotational correlation
time, sR, if the rotation is not restricted in amplitude.
The minimum in T2M before the increase in the fast
motional regime is not reached at the highest tempera-
ture for which measurements could be made.
Schwartz et al. [7] have made theoretical calculations
of the limiting phase-memory times, T1M , that are ob-
tained from echoes at long delay times, for rotation ofunrestricted amplitude. In the slow motional regime
they find that: T1M / sbR with exponents b ffi 1=2; 2=3 and
1 for Brownian, free and jump rotation, respectively,
with isotropic motion. Dzuba and colleagues [9] have
proposed a model involving relatively rapid librational
motions of limited amplitude to interpret the behaviour
in glassy solvents. The phase-memory time then depends
both on rotational correlation time, sR, and on the re-
stricted angular amplitude of libration, h2. However,
when the librational amplitude is determined from the
decrease in outer 14N-hyperfine splitting, Azz, the re-
sulting correlation times of small spin labels display an
anomalous temperature dependence, decreasing with
decreasing temperature, in glassy matrices ([11], and see
also [16]).
The rotational motion of the spin-labelled lipids that
we have used is undoubtedly not only anisotropic but
also of limited amplitude, especially in the low-tem-
perature phases of bilayer membranes that are studied
here. It is therefore clear that the temperature depen-
dence of T2M in Fig. 2 is determined both by the rota-
tional/torsional amplitude and by the rotational rate,
i.e., correlation time. The angular amplitude of this
motion decreases with decreasing temperature, and
most probably the motional rate is at least partially in
the slow-motion regime. Indeed, Kirilina et al. [11] find
it necessary to include a slow wobbling motion, in ad-
dition to rapid libration, in order to explain their echo-
detected spectra at long delay times. Both decreasing
amplitude and increasing correlation time in the slow-
motion regime cause T2M to increase with decreasing
temperature, as is observed in Fig. 2.
4.2. Activation energies
If it is assumed that the rotational rate obeys an
Arrhenius law in the slow-motion regime, i.e.,
sR ¼ sR;0 expðEa=RT Þ, then the gradient of lnðT2MÞ
against lnð1=T Þ gives a measure of the activation energy,
Ea. Values obtained from the linear regions in the
Arrhenius plots, which are found at the higher temper-
atures of the range given in Fig. 2, are presented in Table
1. With the functional dependence on rotational corre-
lation time that was given above for unrestricted rota-
tion in the slow motional regime [7], these values are
given by ðEa=RÞ 
 b. For jump rotation, this is equal to
the activation energy, Ea=R, and for Brownian rotation,
the activation energy is twice this value. With the ex-
ception of 7-PCSL, rather similar values are obtained
for the effective activation energies at different label
positions, in the absence of cholesterol (see Table 1 and
cf. upper panel of Fig. 2). In contrast, for membranes
containing 50mol% cholesterol, a decrease in effective
activation energy with spin-label chain position is found
towards the terminal methyl end of the chain, i.e., for
12-PCSL and 14-PCSL in Table 1. (Again 7-PCSL is an
Table 1
Activation energies, Ea, from the gradients of lnðT2MÞ vs. lnð1=T Þ
for n-PCSL spin labels in DPPC membranes with and without
50mol% cholesterola
Spin label ðEa=RÞ 
 b
)chol +chol
5-PCSL 4:8 0:3 5:3 0:9
7-PCSL 2:2 0:2 3:0 0:2
10-PCSL (4.2) 3:9 0:1
12-PCSL 4:6 0:8 3:1 0:3
14-PCSL 4:4 0:1 2:5 0:3
a Taken from the linear region in the slow-motion regime
(T > 200K) of Fig. 2.
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system, the chain libration is restricted, whereas, further
down the chain, the cholesterol molecule is less bulky
and more flexible, which results in a decreased chain-
packing density and sterically less restricted motion. On
the other hand, in the absence of cholesterol, the chains
are rather uniformly close-packed in the low-tempera-
ture phase. The difference is greatest at the C-14 chain
position, which corresponds to the extreme end of the
cholesterol molecule.
For comparison with the data given in Table 1, a
value of ðEa=RÞ 
 b  7:5 has been obtained for a small
spin label, TEMPONE, in a glassy solvent [17], and
ðEa=RÞ 
 b ¼ 2:5 0:5 for a spin-labelled peptide in a
glassy matrix [16]. Jump diffusion (i.e., b ¼ 1) was fa-
voured over Brownian diffusion in the former case [7],
whereas Brownian diffusion (i.e., b ¼ 1=2) gave a better
fit in the latter case [16]. Small-amplitude oscillations,
rather than jump diffusion, are expected for the libra-
tional motions in the low-temperature phase of the lipid
membranes that are studied here (see also later). Com-
pared with the small-amplitude, unrestricted Brownian
diffusion of the spin-labelled peptide in a glassy medium,
the effective activation energies in Table 1 are mostly
larger (but smaller than the jump diffusion of TEM-
PONE). This correlates with the restricted nature of the
librational motion of the lipid chains in membranes at
low temperature. Only for 14-PCSL in cholesterol-con-
taining membranes, for which the librational motion is
expected to be less restricted (as already noted), is the
effective activation energy comparable to the Brownian
case.
At lower temperatures, T2M for 14-PCSL (and also
for 10-PCSL and 12-PCSL in DPPC+50mol% choles-
terol) passes through a maximum and then decreases as
the temperature is lowered further. This biphasic re-
sponse, which is found also for small spin labels in
glassy solvents [17], was originally ascribed to the onset
of a solid-state mechanism for relaxation. Subsequently
Dzuba et al. [18] attributed the solid-state process to
thermally activated rotation of methyl groups in the
nitroxide moiety. In this case, the methyl group rotationis in the fast motional regime, even at low temperature
in the semi-solid state. Similar effects have also been
observed for an end-labelled tetraproline hexapeptide in
a glass-forming matrix and interpreted in the same way
([16] and references therein). This interpretation should
apply also here, although the relaxation will be some-
what less efficient because of the reduced number of
methyl groups for a doxyl relative to the usual piperi-
dine and pyrrolidine nitroxides. The activation energy
for rotation of the methyl groups is much smaller than
for the restricted librational motion of the lipid chains
(compare the low- and high-temperature regions in
Fig. 2). This is because of the approximately spherical
shape of the methyl group, which engenders no steric
hindrance to rotation.
4.3. Echo-detected lineshapes
The anisotropic phase-memory relaxation that is
evident from the dependence of the echo-detected line-
shapes on s arises from small-amplitude oscillatory
motions of the spin-labelled chain segments. Maximum
effects are seen in those regions of the spectrum for
which the change in spectral field position with angular
orientation is greatest (see Figs. 3 and 4). These are in
the intermediate positions at low and high field, where
the angular variation depends primarily on the orien-
tation, h, of the nitroxide z-axis to the static magnetic
field. There are obvious analogies with CW saturation
transfer EPR, where sensitivity to slow rotational mo-
tion (on the T1-timescale) is quantitated in terms of the
ratio of lineheights at the intermediate field positions to
those at the stationary turning points [6].
Although strictly applicable only to the fast-motion
regime, the analysis of Kirilina et al. [11] can be used to
give a qualitative interpretation of the change in line-
shape with increasing s. The dependence of the echo
intensity on field orientation, h, is given for small-am-
plitude librations by
V ð2sÞ ¼ expð2s=T 02 Þ exp
 2sR2ðhÞJð0Þ; ð1Þ




















with g-tensor g ¼ ðgxx; gyy ; gzzÞ and 14N-hyperfine tensor
A ¼ ðAxx;Ayy ;AzzÞ; be is the Bohr magnetron and H is the
static magnetic field strength. For simplicity, rotation is
assumed to take place around the nitroxide x-axis.
Orientation-independent contributions to dephasing of
R. Bartucci et al. / Journal of Magnetic Resonance 162 (2003) 371–379 377the transverse magnetisation are given by the intrinsic
T2-relaxation time, T 02 . In Eq. (1), it is assumed that
contributions from the spectral density at zero fre-
quency, Jð0Þ, dominate over those at the electron Lar-
mor frequency, as is usually the case for transverse
relaxation.
Fig. 7 gives the angular dependence of R2ðhÞ for a
nitroxide spin label. Significant contributions are found
for the MI ¼ 1 14N-manifolds. The R2ðhÞ function
reaches a maximum at 65 and 69 for the low-field and
high-field regions, respectively, i.e., considerably closer
to h ¼ 90 than to h ¼ 0. To make a simple model
prediction of the effects on EPR lineshape we neglect
g-value anisotropy and assume that the hyperfine an-
isotropy has the approximate form: AðhÞ ¼ ðAzz
AyyÞ cos2 hþ Ayy . The powder lineshape is then given by
L0ðrÞ ¼ 12r1=2 with a normalised scan parameter
r ¼ bAðhÞ  Ayyc=ðAzz  AyyÞ (see e.g., [19]). The modelFig. 7. Dependence of the inverse phase-memory time, 1=T2MðhÞ
ð R2ðhÞ 
 Jð0ÞÞ on the orientation, h, of the magnetic field relative to
the nitroxide z-axis. Calculations are made from Eqs. (1) and (2), with
gyy ¼ 2:006, gzz ¼ 2:003, Ayy ¼ 6G, and Azz ¼ 33G. Inset: simulated
model echo-detected axial absorption lineshapes with increasing values
of s (top to bottom) according to Eqs. (3) and (4). The uppermost
lineshape corresponds to s ¼ 0.echo-detected lineshape in the presence of angular
oscillation is then given from Eq. (1) by
Lðr; sÞ ¼ 1
2
r1=2 exp½2sR2ðrÞJð0Þ; ð3Þ
where, from Eq. (2),
R2ðrÞ ¼ 1
4
M2I ðAyy þ AzzÞ2
½rþ Ayy=ðAzz  AyyÞ2
½1 ð2r 1Þ2: ð4Þ
The inset in Fig. 7 gives predictions from Eqs. 3 and 4
for the dependence of the model lineshape on interpulse
spacing, s. Greatest dependence on s is found at inter-
mediate spectral positions r that are considerably closer
to the r? ¼ 0 discontinuity than to the r== ¼ 1 shoulder
of the powder pattern. It is this feature that was used to
define the lineheight, L00 or H00, at intermediate field for
the diagnostic ratios given in Fig. 5. Note that, from Eq.
(3), these diagnostic lineheight ratios, at fixed field po-
sitions r, should depend exponentially on the echo delay
time, s. In the librational model, for a fixed value of s,
they should also depend exponentially on the spectral
density Jð0Þ, and hence on the rotational amplitude ðh2Þ
and correlation time (sD) according to h
2sD for the rapid
librational model [11].
The inset in Fig. 7 displays a remarkable qualitative
resemblance to the high-field region of the echo-detected
spectra given in Figs. 3 and 4. This explains the physical
origin of the angular dependence of the echo decays,
but, of course, does not establish the validity of the fast-
motion analysis. Kirilina et al. [11] have obtained good
agreement between experiment and spectral simulation
with the librational model for small spin labels in glas-
ses. As noted above, however, an additional slow wob-
bling motion was required, and the temperature
dependence obtained for the librational spectral density
was counter-intuitive. Saxena and Freed [16] have ob-
tained only a semi-quantitative agreement with experi-
ment for the echo-detected lineshapes of a spin-labelled
peptide in a glycerol–water–trifluoroethanol glass by
assuming anisotropic Brownian diffusion of unlimited
amplitude. The anisotropic rotational diffusion coeffi-
cients involved were on the border of the slow motional
regime and 100 times slower. As already mentioned, the
spin-labelled lipid motion studied here is anisotropic
and of limited amplitude, and it must also contain
components in the slow regime, as established in the two
aforementioned simulation studies.
4.4. Diagnostic lineheight ratios L00=L and H 00=H
The lineheight ratios for the low-field and high-field
manifolds are measured at intermediate positions,
where R2ðhÞ has its maximum value, relative to the
corresponding turning points for which R2ðhÞ ¼ 0.
From Eq. (1), it is seen that taking the ratio eliminates
the angle-independent contributions to T2M that are
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lineheight ratios should depend exponentially on the
echo delay time, s. Fig. 5 shows that this is the case, to
within the experimental uncertainties. Therefore, the
gradients of ln(L00=L) or ln(H00=H) vs. s that are given in
Fig. 6 can be used to discuss the dynamic behaviour of
the system. They are a direct measure of the spectral
density Jð0Þ (see Eq. (1)), which depends on the rota-
tional amplitude and correlation time.
For membranes without cholesterol, the slopes
obtained from the s-dependence of all three lineheight
ratios do not vary greatly with spin-label position in the
acyl chain, particularly at 150K. This might be expected
for librational chain motions in the low-temperature
phase of membranes composed from saturated lipids.
The lipid chains are closely packed throughout their
length, and cumulative torsional rotations are absent. In
membranes containing cholesterol, the situation is ra-
ther different (see Fig. 6). The absolute values of the
s-gradients are larger than those in the absence of cho-
lesterol, and a pronounced dependence is found on the
chain position at which the spin label is attached.
Cholesterol clearly disrupts chain close-packing in the
low-temperature phase of the lipid membranes at 150K,
increasing the amplitude of rotational librations and
allowing them to become cumulative down the chain.
On increasing the temperature to 190K, a biphasic de-
pendence of the L00=L and H00=H gradients on chain
position is found towards the terminal methyl end of the
chain (see lower panel in Fig. 6). This trend (already
seen in C/L at 150K) could be explained by a change in
correlation time coming to dominate over changes in
amplitude at the n ¼ 14 position of the chain. Note that
the C-14 position of the lipid chain is situated below the
rigid steroid nucleus of cholesterol in the membrane,
and hence is likely to have an increased rotational
freedom in the presence of the intercalated steroid.
4.5. Central lineheights, C/L
The behaviour of the central peak in the echo-
detected spectra is of considerable importance because
of the pronounced influence of cholesterol on this line-
height as a function of s (see Fig. 4). Previously it has
been found that diffusion-controlled spin–spin interac-
tions can lead to such effects for small spin labels [20].
The preferential effect on the central manifold arises
because of its narrow spectral dispersion. Far more spin
packets are excited by a microwave pulse of given width
than in the outer manifolds, e.g., at the L-position,
where angular dispersion and consequently spectral
dispersion is much larger.
Spin–spin interactions are unlikely to be the expla-
nation for the influence of cholesterol because, where
appreciable, spin–spin interactions are much larger in
the absence of cholesterol than in its presence. For 10-PCSL in membranes of DPPC alone, T2M measured on
the central peak is atypically low because of static spin–
spin interactions, but this does not give rise to a pref-
erential decay in the central region of the echo-detected
spectra (data not shown). Further, diffusion-controlled
spin–spin interactions are unlikely to play an important
role because translational diffusion of the spin-labelled
lipids is expected to be almost stopped in the low-tem-
perature phases of these membranes. Also the temper-
ature dependence of C/L is not that expected for a
diffusion-controlled process. Where there are differences
between 150 and 190K in the slopes for C/L, the ab-
solute values are, if anything, smaller at the higher
temperature (see Fig. 6).
The most likely explanation for the preferential
phase relaxation in the central region of spectra from
membranes containing cholesterol is that this spectral
region (typified by the C/L ratio) is sensitive to axial
rotational motions, in addition to the off-axis motions
to which the outer spectral regions (i.e., L00=L and
H00=H) are exclusively sensitive [14,15]. As for the H00=H
and L00=L lineheight ratios, one would then expect an
exponential dependence of C/L on echo delay time, s, to
arise from this rotational motion, as indeed is observed
for the membranes containing cholesterol (see Fig. 5).
Therefore, the preferential effect of cholesterol in the
low-temperature membrane phases most probably cor-
responds to an increased torsional oscillation of the li-
pid chains about the long axis that is not present in
membranes without cholesterol. The origin of this in-
creased axial motional freedom is ascribed to irregular
chain packing in the presence of the bulky sterol mol-
ecule, as evidenced by the absence of any tendency for
the spin-label to segregate from the host lipid in the
low-temperature phases containing cholesterol. The
situation is very different from that in the liquid-ordered
phase of cholesterol-containing membranes in which
large-amplitude axial rotation of the lipid chains is
suppressed for steric reasons [21–23].5. Conclusions
The results of this study indicate the importance of
anisotropic rotational oscillations of the lipid chain
segments in low-temperature membrane phases. The
membrane environment with saturated lipids has certain
similarities to that for small spin labels in glassy matrices.
Cholesterol inhibits to some extent the off-axis angular
oscillations, but strongly enhances the axial torsional
motions. It can be speculated that these dynamic prop-
erties of the lipids may be important in cryoprotection.
Such small-amplitude angular oscillations may enhance
the stability of membrane-embedded integral proteins;
admixtures with cholesterol could also reduce the ten-
dency to aggregation. In this connection it is interesting
R. Bartucci et al. / Journal of Magnetic Resonance 162 (2003) 371–379 379to note that in our reconstitutions of cytochrome oxidase
with saturated phosphatidylcholine, we found that
storing over prolonged periods in the lipid gel phase
maintained activity when assayed in the higher temper-
ature fluid phase [24,25]. On the other hand, activity was
lost progressively on incubating in the fluid lipid phase.Acknowledgments
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